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The double network concept has been revolutionary in its ability to turn soft, brittle hydrogels into tough, robust 
materials.[1,2] Double network hydrogels consist of two interpenetrating networks, where each network has a 
specific mechanical response: the “first network” acts as a sacrificial network, consisting of a rigid, extended 
network with relatively low loading percentage, and the “second network” is a globally percolated, stretchable 
network. When a double network hydrogel is stretched, covalent bonds of the first network break, dissipating 
energy. Here, we attempt to utilize the essence of this structure at the macroscale, by creating rigid scaffolds 
and embedding them in a stretchy and tough matrix, mimicking the first and second networks, respectively. The 
goal of this research is to demonstrate that the “sacrificial bond concept” is applicable at length-scales beyond 
the molecular scale. Furthermore, we aim to outline the 
design criteria for optimize the properties of these 
composites.  
 
First, we will demonstrate macroscale double networks 
by using a simple system comprised of a 3D printed 
plastic grid in a rubber matrix. When the fracture force of 
the matrix exceeds the fracture force of the grid, a 
notable “multiple fracture” process occurs, where the grid 
fractures multiple times, isolating strain to the rubber 
within the fractured region. Repeated fracture, relaxation, 
and stretching occurs until the entire sacrificial network 
has been extinguished, and then the matrix ruptures. 
This process is analogous to the fracture process of 
traditional double networks. We can tune the resulting 
structure by changing the stiffness of the grid, which 
influences the resulting yield force and work of 
extension. If the grid becomes stiffer than the rubber, a 
ductile to brittle transition occurs. The resulting material 
possesses weak mechanical properties. These 
experiments prove the viability of macroscale double 
network composites.  
 
Porting the macroscale double network concept to hydrogels is not a straightforward task. Creating hydrogel 
composites is difficult because of the swelling mismatch between the rigid materials and the hydrogel matrix. To 
overcome this problem, we utilize a low melting-point alloy (LMA) as the rigid scaffolding material inside of the 
hydrogel matrix. After the hydrogel reaches equilibrium, the LMA frame is melted, and the swelling mismatch 
between the frame and the gel is released, due to elastic restoration of the matrix phase. This is a novel method 
to create hard/soft composites, which have long been desired but have been extremely difficult to fabricate.[3] 
Beyond relieving swelling stress, these composites exhibit unique and remarkable mechanical properties. When 
stretched, they undergo multiple fracture, which results in a dramatic increase in the work of extension 
compared to the neat hydrogels. A unique feature that these composites possess which traditional DN gels lack 
is a healing ability in the first network. When stretched up to 250%, they can be cycled with 100% healing of the 
sacrificial network. Furthermore, these composites can exhibit shape memory, conductivity, and can act as a 
base for electro-chemical reactions. We believe this new technique will help create new hydrogel-based 
materials with properties that are unachievable with neat hydrogel materials. 
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Figure 1 – Force vs. stretch ratio curves for the 
reinforcing skeleton, tough PUMA hydrogel, and 
composite. Insets represent the fracture process 
at the stretch ratios noted on the plot. 
